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A bstract
Because of jts Jocationin the Virgo cluster our recent nicasurement of the distance of
* MI 00 has animpact on the calibration of all of the extragalactic sccondary distance indicators
which reach beyond Virgo and define the expansion rate. We exaimnmine {lhe consequences of
a1r MpcM 100 distance, questioning ils consisten cy with superniova and other distances.

The distance of h4100 provides two separate constraints 011 the Hubble Constant. First, it
verifies the einissivity calculations for type 11 supernovac. These models, fitted to SN1987A,
have recently beenused to icasure host galaxy distances beyond 104 Kin/s recession velocity.
Sccond, it constrains the distance of the Virgo c.luster, which in spite of its apparent corn-
plex structure, provides an effective calibration for a set of reliable and well-usd secondary
distance indicators.

Reviewing the type 11 supernova distances for three galaxies with Cepheid distances,
we find consistency, which supports the recent SN result Hy = 73 :1 11 km/sec/Mpe. This
supporl is independent of where M100 lies inthe Virgo c.luster. Reviewing the Hubble
recession velocity (cosmological redshift) of thie Viygo c.luster the, we find1lg: S1 -1 11
kin/scc/Mpc, plus an additional uncertainty arising from the extendednature of the Virgo
cluster.

Employing the Virgo cluster as calibrator, we obtainmeasurcinents of the Hubble Con-
stant from extant surface brightness fluct vation mcasurem ents, clhiptical galaxy vclocity
dispersion measurements, the Tully FFisher relation, and the type la supernova standard can-
dle. These yield Hg=84:1 16, 76:1 10, 82 :1 11, and 71: 10 kin/scc/Mpc respectively. All
of these are consistent, but they are all subject to the additional uncertainty Trorn Virgo’s
linc-of-sight depth.

We explore a nuimber of simple models of the strut.turc of the Virgo cluster; these support
the recent conclusion of Freedman and coworkers that the appropriate uncertainty to attacli
to the Hubble Constant from the Cepheid distance to Virgois 20%. A value of 1ip:80:]
1'[ kimn/sce/Mpe is consistent with all the data discussed herein. Confidence Limits with 95%
significance can be assignedto theinterval 50 < 11,< 1 ()() kill /scc./h4]~c..

I'urther work in this program should be expected to identify the systematic differences
between the distance indicators investigated here and constrain the Hubble Constant to 10%
accuracy.
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1. Introduction

Mecasurement of the distance of N4100 from Cepheid yarialles (1reedman et al 1 994) is
a major milestone in the quest foranaccurate Value of 11y . The Hubble Space Telescope
key project o deterimine the extragalactic distance scale aims to measure g to 10%. * Jo
achieve this goal will reguire Cepheid distance measurements for some 20 galaxics within
a redshift of approximately 10% kin/s. These galaxies inturn will calibrate five sccondary
distance indicators which will extendthe volume over which the expansion rate has been

measured t0 some JO°Mpc3.

The purpose of this paper is to assess the impact of the distanice of M100 on the ex tra-
galactic distance scale. In its way the Virgo cluster is as significant a Junctionin the distance
scale as the Magellanic Clouds, permitting a consistency check on many secondary distance
indicators. We are particularly interested in whether supernova distances are consistent with
global indicators of galaxy distances based on their stellar populations. We examine whether
11 S'1' Cepheiddistances are tending to converge or maintain a bimodal extragalactic distance
scale. We begin the process of secking out systematic diflerences between secondary distance
indicators. Qur objective is not to present an ab initio recalibration of the dista nce scale hut
rather to use the M100 distance to constrain the global value of 11, and assess the remaing
degree of uncertainty in its value.

We find that the measur-ement of M100’s distance progresses the calibrati on of a number
of thicse sccondary distance indicators.  Freedmanet al (1994) considered the redshift of
Virgo and the distance of Coma in order to estimate 11g. The additional sccondary distance
indicators considered here support the conclusions of that work. The net result is a very

significant constraint on the Hubble Constant.

2. The Mean | distance of the Virgo Cluster

M1 00 is a bona fide miember of the Virgo cluster, well within the cluster confines in

velocily space, as shown in IFigure 1. The concentration on the sky of galaxics m this




cluster is clearly delincated in Figures 1 and 2. M 100 lies withinthe classical 6° circle of de
Vaucouleurs (1 961), and just outside the last x-ray contour inthe ROSAT map of Bohringer
(1 994).

Marked substructure exists inthe Virgo cluster (Huchra 1985, Bingelli, Sandage & Tam-
manni 985) with member galaxies exhibiting a spreadin surface brightness fluctuation dis-
tances from 11 1019 Mypc (Tonry et al 1990). Wc must therefore consider whether M 100 is
associated with the central concentration or the fringes of the c.luster. Our £0al js to place

confidence limits on the distance of the Virgo cluster.
There are four relevant and quan titative constraints.

1. Wc havethe resull of }reedmanet a (1994) that the distance of M100 is 1 7.1:41.8
Mpe.

2. The Tully Fisher (T1°) relation for the Virgo cluster 1S a sccond constraimt. Pierce
and Tully (19S8) find that M100 is 2.8 :1 2.3 Mpc miore distant than the mican in their
oplical and in frarcd photometric study of the Virgo I'F relation. However, the inclination
of the disk of M100 to the line of sig ht is only 27 :1 3 degrees, as cstimated kinematically
(Warmels 19SS), and this low value detracts from the significance of M 100’'S residualinthe

T relation.

3. ¥ouque ct al (1 992) provide the most comprehensive study of the T19 relation in Virgo.
The galaxies within 2 degrees of M100 have a mcan residual 0.13 -1 0.24 mag brighter than

the 11 relation for galaxics within 2 degrees of MSY.

4. Wenote that Pierce et @ (1 994) haverccently mcasured the distance of the galaxy

NGC 4571 from three Cepheid variables identified with CIFIIT. They {ind 14.9 :1 1.2 Mpec.

More subjective criteria offer little insight into the location of these galaxies relative
to the cluster mecan. Sandage and Bedke (1 985) classify the resolvability of NGC 4571 as

“excellent”, but M 100 as ‘[fair’). Thesc are the two extrema of their scale.




These constrainis are consistent with the notionthat M 100 is a niember of the Virgo
cluster, wihose centroidis at 1 7 Mpce. We examine the uncertainty in that distance with some

parameterized models of the cluster in §9.

3. The Cosmological Redshift of the Virgo Cluster

The mean redshift of the cluster corrected to the centroid of the 1 mea Group js 10'(3
450 kin/s (Huclira 198 S). Bingelli, Sandage & Tainmani, (1987) have argued for amcan
heliocentric velocity some 57 kin/s lower than Huchra’s 1151 -1 3S kin/s. They consider a
number of Huchra’s galaxics to be background, but the difference is hardly significant. On
the other hand, the velocity of M87 is 140 kin/s higher at 1292 kin/s. Another point of
contention is the velocity of the centroid of the Local Group,a further 40 km/s d ifference
b ctween the two groups and il the same sense. W C consider Huchra’s val ue of the mean

redshift to be the best estimate, butl adopt a “1’% uncertainty as a standard crror.

A niodel fit to the T1 relation for 30S spiral galaxics in the Local Supercluster by
Aaronson ct a (1982) yielded 331 : 41 kin/s for the infall of the Local Group into the
mass concentration centered on Virgo. Themodel is analogous to that for Galactic rotation
in that there 1S a local st andard Of rest, which 1S a pattern velocity constant on shells of
constant radius from the Virgo cluster (250 km/s locally), andalocalrandom velocity (SO
km/sinthe Virgo direction). Subscquent work by Tonry et al (1 992) with more accurate
distances from surface brightness flue.t,udtiolis confirin that result, yielding 340 -1 80 km/s
(90% confidence limits). Jerjen& Tammann (1993) obtained 240:1 40 kin/scc for the infall
velocity from an analysis of more distant Clusters (see aso Sandage & Tammann 1 990). Han
and Mould (1990) argue that a still lower cstimate by IFaber and Burstein (19SS) (85133
km/s)is an artifact of their analysis. Averaging the first three estimates and combining this
with the mean observed velocity of 1 073470 kln/see, we find that a the distance of Virgo,
the expansion rate is 1380+ 90 kin/s. This is consistent with Han & Mould’s more detailed

model for the 11" data; they obtained 1422143 km/s. The Hubble constant we derive from




the cosmological redshift of Virgo is Ho = 81:1 11 km/s/Mpc. The uncertainty is derived
from the distance and velocity uncertainticstakenin quadrature. ‘Jhere is anadditional

uncertainty arising from the extended nature of the Virgo cluster.

4. Supernova 1979C

The distance of M100 has been inferred from the photospheric expansion of SN1979C
mecasured photometrically and kinematically by Schmidt et al (1 994). Their result, 15 4
Mpec, is fully consistent with the Cepheid distance for M1 00, but is limited mainly by the

large and uncertain apparent extinetion of the supernova.

There are now four galaxies with Cepheid distances whose type 11 SNe yield ISPM dis-
tances. They arc the LMC (49 -4 3 kpc from SN1987A), M81 (no final result because of the
peculiarity of SN1993J'), M101 (7.4 1] & Mpc from SN1970G), and M100 (15 -1 4 Mpc).
Wheeler ot al. (1993) find @ distance of 4.2 4 0.6 Mpc for M81, which is consistent with the
Cepheid distance (Freedman et a1 994b). Other primary distances arc 51: 3 kpe for the

LMC (Jeast 1991, 1994), and 7.5 Mpc for MIOI (Kelson et a 1995).

‘See Schmidt et a (1993).

The distance ratio P1,/14PM is 1.02:1 ().0S for the LMC, 0.97 1 4% for M101and 1.13
40.28 for M 100. 1'hese constraints, taken toget her without any weighting, amount to 90%
confidence that empirical recalibration of X PMdist ances will be limited to multiplicative
factors in the: interval (0.86, 1.24). The relation of the data to thisinterval is shownin
Figure 4. T'wo morc points can be anticipated inl‘igure 4 from discovery of Cepheidsin

galaxics under study with1157in Cycle 4.

Thus there is no evidence that, any cmpiricalrecalibration of 19°M is required at present

by the Cepheid data. 15PM provides independent and consistent constraints onthe Hubble



constant, currenlly yielding Hg = 734 11km/s/Mpc (Schmidt et al 1994).

5. supernova la Standard Candles

The Hubble diagramn for type la SNe at maximuin light is discussed by Sandage and
Tammann (1 993). The mecan value of V(max) for 6 well observed SNela in the Virgo  cluster
is 12.13 : 0.14 msg. Scaling the prototypical SN1937C from 4.8 -1 0.3 MpcinlC 4182 to
our Virgo distance of 17 12 Mpc, implies a visual magnitude of 12.01:10.25 mag (Jacoby
and Pierce 1994). The same calculation for SN19721in N5253 (Sandage et al 1994) yields
11 .69 0.25 mag, which would thercfore appear to have been an unusually luminous event.
Hamuy ct al (1995) assert that its high luminosity is duc to its ow decline rate (Phillips

1993).

Like the type 11 SNe, the tyPela SNe offer a way to extend our knowledge of the ex-
pansion rate from the Local Superclusier, where the high density decclerates the expansion,
to the freely expanding region outside it. The new estimate of type la absolute magnitudes
bascdonthe SiX Virgo supernovac permits a determination of g from the 21 p;ala.xich al
redshift exceeding 3000 kin/s collated by Sandage and Tammann (1993) and Tammann &
Sandage (1994) . This yields Hg:=71:4 7 km/s/Mpc plus an extra uncertainty arising from
the extended nature of the Virgo cluster. Addition to this Virgo supernova calibration of
SN1937C and SN1972), would yield 11g: 69. The Magcllanic tYPC palaxy 1(;41S2 and the

amorphous galaxy NGC 5253 arc not nccessarily appropriate calibrators, however.
2The supcrnovace sclected by this cut inredshift arc 1959C,1961D, 1962A, 1962}, 19661{,

1969C, 196 81%,1970), 19'/211, 1972J, 19'(3N, 1974.1, 19750,1976J,1990af, 1991 ag, 19921,
1992ac, 1992aq, 1 992bc, 1 992bo.

Our results arc consistent with the discussion of typeclas by Reiss, Press & Kirshner




(1994 ), who find Hg = 67 4 7 km/s/Mpc, but inconsistent with the conclusion of Sandage
et al (1994) who find Hg = 55 -4 8 ki /s/Mpc by calibrating V(max) with Cepheid dis tances
for 1(;41 82 and N5253. The gap could be bridged if the mean Virgo supernovae were 19
Mpe distant (which is not ruled out by the Virgo models considered inthe Appendix) and if
1] amuyctal arc correct that the effect of neglecting the peak luminosity decline rate relation

is to underestim ate Hg by 15%

Iurther work will sharpen SNela as tools for distance incasurcment, including more
attention to the correlation of V(max) with decline rate and dependence of V(max) on galaxy

type (Vail den Bergh and Pazder | 992). A future calibration will benefit from additional

Cepheid distances of both field galaxies and clusters such as the Fornax cluster.

6. The Tully Fisher relation for clusters

Mould et al (1991, 1993) present I-band T1 relations inan all-sky sample of 22 clusters
of galaxicsrcaching 7500 km/s, and Aaronsonct a (19S5) provide apioncering study of
10 Arccibo clusters in the 11-band within the distance of the Hercules c.luster. The Virgo
c.luster materially adds to the existing field galaxy calibration of the T} relation (Ireedman
1990).Witl] the addition of the M 101 group galaxics to the Freedman calibrators, the tot al
number 0f galaxics contributing to the combined 11- band calibration summarizedin Table]l

is 24.The equation of the regression line shown in Figure b is:

1% - - 21.32- 9.53(log AV (0)gg - 2.5)

where AV(0)gq is the 21 cm profile width and 1]_“1’05'5 is a mecasurc of the infrared flux. The
quantitics are defined in the original references. The intercept in this regression is 0.09 and
0.28 -1 0.1 2 mag brighter than those obtained respectively by Aaronsonet a] (] 980) and
Ireedman (1990). The HST Key Project will effectively double the number of calibrators in
Iigure 5 when completed. With the new Virgo distance the calibration relation for I-band

Tully-Fisher becomes:




1955 5 - 20.70- 9.77(log AV (0)9g - 2.5)

The value of the Hubble Constant that follows fromapplying these calibrations to clusters
beyond 4000 km/s, ncglecting the effect of perturbations to the 11 ubble flow and the Virgo
depth uncertainty, is 11,=86:4 11 km/s. If we exclude clusters within 45° of the Great
Attractor (l.ynden-Bellet al.1988) (and its antipodc), noting the evidence for large scale
flows (Mathewson ¢t al 1993, 1994), wc obtain 11: 82 | 11 kin/s/Mpc. Again, there is an

additional uncertainty arising from the extended nature of the Virgo cluster.

Other factors which limit the accuracy of this calibration are the depth of the Virgo
duster, whichintroduces au artificial scatterinto the relationinFigure 6, and the possibility
that the Tully - ¥isher relation is different in clusters and the field (Bernstein 1994, ¢f Han,
Mould & Bothun 19S9). IFurther observations of field Tully-Iisher calibrators with 11571 will

address these issues.
7. Other Secondary Distance Indicators

Surface Brightness Fluctuations

Tonryct @ (1 990) and Ciardullo, Jacoby & Tonry (1 993) have mcasured surface bright-
ness fluctuatijons (S1117) in 11 Virgo galaxics. Imploying their current calibration, whose

zeropoint is basal on carly type galaxies in the Local Group,

My - 1504 4(V - - 1.15)

where My is the absolute magnitude of a galaxy’s SBF in the 1 band and V 1 is the color of
the galaxy, onc obtains a distance of 15.3 4 1.1 Mpc. Adjusting the zeropoint to the 11%
larger Virgo distance wc find from Cepheids, onc can then examine the expansion rate of the
most distant galaxics in the available sample. Tonry (1994, priv. comin.)hasthree galaxies

with SBI® mecasurel nents with veps s > 4000 ks, These yield Hg = 84:116 kin/s.



It is premature to modify the current calibration on the basis of a Virgo distance which
is morc uncertain than the distances of Local Group galaxics now cmploycd by Tonry. But
we note (i) that groups of carly type galaxics with Cepheid distances will provide such a
calibration] and (ii) that when we reach out o large distances with SBI) we obtain constraints

onllg consistent with those from other sccondary distance indicators.

The Globular Cluster ant] Planctary Nebula tuminosity Functions

Tammann (19s8) has Used mcasurements of the globular cluster luminosity function
(GCLI)Y to derive a distance modulus of 31.7 mag for the Virgo cluster. Secker andarris
(1 993) arguc that the data are compatible with a modulus of 30.9 mmag. I'he M 100-bascxl|
Virgo distance modulus by Freedman et @ of 3]. ] 5:0.36mag licsbetweenthese extremes.
Study of alarger and mnore distant sample of galaxies to investigate the G C1,1 more fully
will benefit from the high resolution of WIEPC2. Since the method has not yet been applied
beyond the Virgo cluster this method dots not offer us asignificant constraint onthe global

valuc of 11 al this stage.

A distance of the Virgo cluster of 17 -1 3 Mpc is consistent with that found by Jacoby
ct a (1992) from the Planctary Nebula Luminosity Function (PNLY), 154 :1 1.1 Mpc. Like
the GCLI®, the PNLY is currently limited in application to the Local Supercluster. With
our current focus on applying sccondary distance indicators at larger redshifts, we do not

consider the P NLI* further at present.

8. The Comoving Irame at the Coma clustier

T} data place Coma 3.69:1 0.16 mag behind Virgo according to Aaronson ct al (19S.5)
and(Dy,0) data yield 3.74 -1 0.12 mag according to Faber ctal (19S5). These empirical
uncertaintics arc the dominant ones in extending Virgo’s distance in Mpcto Coma. The
significantly larger redshift of the spirals than the cllipticals in Coma is a 4% cffect and of

lesser importance. The redshift of Coma iS vy, = 6942:4 73 km/see (Zabludoff ct al 1 993).




In the reference frame of the cosmic microwave background vepsgs = 71197 o0 73 ki /scc.

IFreedman et a (1 994) employed this ratio to derive the Hubble Constant.

Mould et a (1993) fit a number of models to the velocity field within 7500 km /s and
conclude that the expansion rate of the comoving frame is 7170:11 25km/s at the distance
of Coma. Withthe ncw value of the Virgo distance (but without at this stage factoringin
the extended cluster uncertainty) this yields Hg= 76110 ii]])/s/h4])~. inagreement with

Freediman et al.

Ina provocative paper Turncrect al (1 992) have questioned whether the classical approach
to the extragalactic distance scale iS capable of mcasuring a global valuc of 11ginthe presence
of a velocity field whit]] exhibits large scale flows. The results Of their numerical experiments
canbe summed up inthe following alarming illustration: “lven if the local expansion rate
isknowntobe 80 =18 km /s/Mpcoutto 30 h™ I Mpcinthe North Galactic Cap, the 95%

confidence limits on the true global value of 11is 50128 kim /scc/Mpc ina CDMmodel .”

With WI'PC2 we do not expect to be able to mecasure distances directly with Cepheids
very far beyond the Virgo cluster, where the expectedrms diflference between loud and global
Hg is 45% in current CDM. The subject of the present paper, however, is the calibration of
sccondary distance indicators whose cflective range extends beyond the Coma c.luster. At
Coma the same rms diffecrence has fallen from 4 5% to 3% in C1IM according to Turner ct.

al.

Empirical evidence that real velocity fields present no larger problein than these caleu-

lations suggest IS provided by:
(1) anall-sky survey of Tully-Fisher distances to clusters of galaxics
(2) anall-sky survey Of brightest cluster galaxics (Lauer & Postman1 994)

(3) the KPM data set.



T'hese data are collected in Iigure 6. Sources Of ‘T'F cluster data are Aaronson et al (1986),
Mould et al (1991, 1993), and llan & Mould (1992). The data have not been normalized to
a common valuc of Hg , although Iigure 6 is very similar, whichever of 11g = 82 (§6), 73 (§4),

or 80 kim/scc/Mpc (Lauer & Postinan) one adopts as a common value.

We can hypothesize a ‘bubble model” in which 611/11g ~ 0.5, that is, Hg = 75 km/s/Mpc
within the distant.c of the Coma cluster andllg:50 outside that radius. IYigurc 6 shows
dearly that these data rule out amodel with such alarge difference between local and global
Hg.Indeed, Lauer & Postman (1992) conclude that 677/ <0.07 within the volume shown

inl4gure (i.

Such a model is aso heavily cons grained by the isotropy of the cosmic i merowave back-
ground on 10 scales. One hundred Mpe, which s approximately the radius of the volume
enclosing Coma, correspondsto 10 (1 2')onthe surface of last scaticring for §2:1(0.2).
The requirement that §11/11y ~ 0.5ina ‘bubblemodel” of this typcimplics athree times
larger density perturbation than is represented by the Great Attractor (Lynden-Bell et al
19SS). Bertschinger et al (1 990) show that a Greal Attractor 11'0111d evol vefrona AT'/7
1.7 x 105 inan:1Universe. Schuster et a (1993) have measured A7/4 <1 X 107°
onl.h° scales. A low density Universe would relax these constraints considerably (1ullapa

ct a 1994).
9. Discussion

There arc only two independent constraints on Hg in the preceding sections. T'he first IS
contained in §4 (IFPM) and the second in§§ 3,5, and 6, involving the additional assumption
that we have successfully constrained the distance of the Virgo cluster. The discussion of
1’PMin§ 4 appears to rule out 1o < 73/1.24: 59 km/scc/Mpec at the 90% confidence
Jevel. From a similar UpPer bound our verification of the XM calibration yields 59 <o <

89 kill/scc/hd]~c with 90%0 confidence.



The constraint which M 100 puts o11 the distant.c of the Virgo cluster is a more complex
issuc. Associating M 100 with a cluster core Of a certain structure, Freedmanctal (1 994)
obtain 11,=- 80 :1 17 km/s/Mpc. Models of the cluster discussed inthe Appendix consider
the distances of MIOO and NGC 4571 as a constraint on the cluster distant.c. I'hemodels
assert that the cluster distance is probably less than19 Mpc; i.e. they yield a constraint
which is no stronger than that adopted by Freedmanect al. They rule out amecan cluster
distance exceeding 22 Mpc at the 95% confidence level. The other tail of the distribution
(d <11 Mpc) is similarly excluded. These considerations (and velocity uncerta inties are

negligible by comparison) yield 55 < Hg <105 kin/scc/Mpc with 90% confidence.

Formally, under these two conditions g lies in theinterval (50,100) with more than 99%
confidence, but it is not hard to find other scenarios to rclax this constraint significantly.

Suppose:

(1) The carly type galaxicsin Virgo arc associated with component 13 (the simaller once)

of the modcl

(2) The infall velocity of the Local Group is actually 2 olower than estimatedin§3, i.e.

220 ki /scc (‘Tammann and Sandage 1 9S5)

Foven these assumptions, however, require 11,> 53 kin/sec/Mpec.In Model 8 component
Bis closer than 24.5 Mpc with 95% confidence. Thisillustrates that we have a strong lower

1mit 011 Hy.

It is not a completely uncquivocable limit, however. To exemplify this, consider one
urther possibility, whosc likelihood it is hard to quantify, which might concei vably relcase

the Hubble Constant from the present Virgo cluster constraints.

(3) The velocity of component 3 with respect to the centroid of the Local Group is that

of M419, i.e. 847 kim/scc.



Thiswould allow 1lg: 44 kin/scc/Mpc. We exclude this possi bility, however, as the

redshift of M49 dots not scemn to be relevant to Virgo cluster calibrators of any of the

sccondary dist ance indicators we are using here.

We can sce from the foregoing thal we are dealing with a complex situation in Virgo
(Jacoby ct al 1992); constraints on g will therefore inevitably remain looser than those

which can be obtained from a simpler cluster such as IFornax.

The present discussion]] contrasts strongly with that of Pierce et al (19{14 ) who obtainliy

87 4 7km/s/Mpc. The error budget in the Hubble Constant determination tabulated by
Ircedman ct @ (1994) contains 12 terms of which the dominant ones are uncertaintics inthe
distance of the LMC, the extinction of the Cepheids, and the extended nature of the Virgo
cluster. Each of these uncertaintics is as large as the uncertainty inllg quoted by Pierce et
al. Picerce et al have given little consideration to these matters, concentrating, appropriately
cnough since they detected only 3 Cepheids in NGC 4571, on the width of the PL relation
as the primary uncertainty in their result. We assert that, contrary to the optimistic view
of Picrce et @, the confidence limits that can be put onllg at this tiime are those discussed

Lierein.
10. Summary

In summary, the distance of M100 impacts the extragal actic distance scale in two ways,
first inits own right as a calibrator of ’PM, and second, by providing the distance of
the Virgo cluster for the TF relation, the (1)y, o) relation, the SNla standard candle, and
surface brightness fluctuations. With the confirmation of the XPM calibration provided by
SN1979C, 1XPM vields 1], , 73+ 1] km/s/Mpc . Assuming a Virgo cluster distance of 17
1 3 Mpc, the other sccondary distance indicators yicldHg= SO 416 km/scc/Mpc. The
uncertainty in the first case is dominated by the observational data pertaining to SN1979C

in the sccond case the uncertainty is dominated by the depth of the Virgo cluster.



In combination these results strengthen the conclusion of Ireediman et a (1 994) that
1 1,:80:4 17 km/scc/Mpc. The 95% confidence limits onlg arc the interval (50, 100)
kin/s/Mpec.

The key project aims to sccure the distances of two more Virgo galaxies, which will
markedly reduce the uncertainty as to the mcan cluster distalice. A total of 20 galaxy
distances is being sought inthe key project to sccure the calibration]] of secondary distance

indicators in general, and thus to reduce the uncertainty inthe Hubble Constant to 10510.
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‘Jable 1: Calibrationof thelll T¥ Relation

Galaxy AVyy(0) nobs,
N4178 298 -20.8s
N4192 476 -93.25
N4206 318 -20.68
N4294 259 -20.'25
N4380 329 -21.25
13322A 296 -20.2s
N4450 3s9 -22.97
N4498 296 -20.'26
N4501 597 -23.88
N4519 304 -920.28
N4532 il -20.58
N4535 423 22257
NAG5H1 461 -22.37
N4654 3s? -992.93
N4698 460 -99.63
N4758 211 -19.80
M33 205 -20.12
M31 540 -93.49
N300 235 -19.50
N2403 265 -21.05
M8] 450 -93.49
N5204 155 - 197
N5HSH 211 -19.3s
HolV 106 -1'1.04

Sourrces ; Aaronson et d 1982, Aaronson, Mould, & HHuchra 19S0,
Freedman 1990.




Appendix

lividence for substructure inthe Virgo cluster is discussed by Bingellict al (19s7), 1 1 uchra
(1988), Picrce and Tully (1988 - 1"} and Tonry et al (1990). To quantify our discussion])
of the uncertainties arising from this substructurce we have genierated a number of idcalized

modecls of the Virgo cluster with the following genera] propertics.
(1) The cluster is located at a mcandistance d from the observer.
(2) Galaxy distances arc normally distributed from the cluster center with variance 2.
(3) Firrors in distance modulus of 0.3 mag arisc from use of the Tully-Fisher (T'19) relation.

With this prescription it is possible to explore the paramcter space of models which fit
the distribution of Virgo galaxy distances inferred by P Inspection of Figure “[ shows that
within the small number statistics of the P71° data Model 1 with a large value of r (3.5 Mpc)

is a satisfactory fit. Smaller and larger values of r are not good fits.

Two component models are motivated both by the appcarance of the distribution of
the 'Y datain Figure 7 and by examination of the much larger T1 database of Jouque et
al (1992). in Youque’s data the mean 11 distance of spirals within 2° of M49 is 0.67 -
0.20 mag larger thanthat of spirals within2° of M87. M87 and M49 arc the two brightest
cllipticals in Virgo. The simplest two component modelto provide a satisfactory fit to the
data in Figure 7 is Modecl 4.

We now experiment by increasing d and calculating the probability that, of two galaxics
drawn from the distribution, onc will be closer than 14.9 11 .2 M pcandthe other closer
than 17.1 41.8 Mpc. In Model b (a one component model) we see that, if d is increased to
19 Mpe, the probability that these constraints will be satisfied is approximately 14%. We

can confidently rule out Model 6 with d = 22 Mpec.

Modecls 7 and 8 quantify the upper limits on two component models. We can con fidently

rule out Model 8 with its mecan distance d = 20.5 Mpec.




Table 2: Virgo Cluster Models

Model d r Comment
7/ Mpe Mpc
! 17 3.5 Fits 1" data
2 A: 16 2 A is 2/3 total cluster
1122 2 Bis1/3
3 16 !
4 A: 16 ! Iits I''J data
11:22 ! A B (2:1as above)
o 19 3.5 I'its constraints 14% of time
6 22 3.5 Fits constraints % of time
1 A 16.5 ] Fits constraints 16% of time
11: 22,5 !
S A: 185 ! Fits constraints 4% of time

11: 245 !




Figure Captions

Figure 1. The location of M| 00 ina cone diagram of the Virgo cluster. Galaxies from
cz.= O to 3000 km/see arc shown.

Vigure ‘2. The position of M 100 inthe x-ray Virgo cluster. The ROSAT map is from
Bohringer et a (1 991)

Figure 3. Galaxies in ZCAT (Huchra 1994) inthe indicated interval of Right Ascension,
Declination with redshift in the interval (- 1000, 2500) km /scc.

Iigure 4. The three calibration checks ou the Fxpanding Photospheres Method from
Cepheid distances. The datapoints are the LMC (SN1987A) M101 (SN1970G) and M100
(SN1979¢). The clashed lines enclose 90% confidence limits on the ratio of 11°M to Cepheid
distances.

Figure 5. Calibrators of the Infrared Tully Fisher Relation. Solid symbols: Ircedman
(1990), open symbols: Virgo galaxics from Aaronson ct al 1982, crosses: members of the
M1 01 group. The dashed Iinc is the calibration of Freedman (I 990).

Iigure G, J)eviations from a uniform 11 ubble flow. Solid circles: clusters of galaxies
with Tully-Fisher distances. Solid triangles: 15P’M data of Schmidt ct a (1994). Open
symbols: brightest cluster members from Lauer & Postman (1 994). There 1S no evidence
that a different value of the Hubble Constant pertains inside and outside the distance of the
Coma duster at verpg ;= 7200 km/sec.

Figure 7. (for Appendix) Montc carlo recalizations of Modell (solid) compared with
the scaled distribution] of distances tabulated by Pierce & Tully (1988)(dot-dashed curve.
Lower graph: model] 4.
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Figure 7: Monte carlo realizations of Model 1 (solid) compared withthe scaled
distribuiion of distances ta bulated by Pipvec & Tully (1988) (do 1-dashed curve).
Lower graph: model .
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Figure 6: Deviations Jroma uniform Jiubble flow. solid circles: clusters of
galazics with Tully- Fisher distances. Solid triangles: 1sP’M data of Schmnidt et
al (1994). Open symbols: brightest cluster members from Laver & Postman
(1994). Th cre is no evidence th at a different value OJ the Hubble Constant
pertains in.side and oulside the distance 0J the Coma cluster at v = 7200
km/scc.




Figure 5: Calibrators of the Infraved Tully Fisher Jelation. Solid symbols: Freed-
man (1990), open symbols: Virgo galazics from Aaronsonetal 1982, crosses:
members of the MI101 group.
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Figure 4: The three calibration ch ecks on the Iapanding Photospheres Mcthed
Jrom Cepheid distan ccs. The dalapoints are the LMC (SNI1987A) MI01
(SN1970G) and M100 (SN1979c).
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